Purpose: To report a case series of 3 pediatric patients treated with Stereotactic Body Radiation Therapy (SBRT) for lung metastases. Patients and methods: Three patients (ages 9, 11, and 21) received SBRT for rhabdoid tumor, Ewing sarcoma, and Wilms tumor histologies, respectively. SBRT doses were 37.5-50 Gy in 3-5 fractions treating twelve lesions. Results: Three patients (ages 9, 11, and 21) received photon SBRT for pulmonary metastases. The patients were as follows: 1) 21-year-old male with favorable histology Wilms tumor and 1 lesion treated, 2) 11-year-old female with Ewing sarcoma and 1 lesion treated for relapse after previous whole lung radiation (15 Gy), and 3) 9-year-old female with rhabdoid tumor of the left thigh with 10 lesions treated over a two-year period. Median dose delivered was 40 Gy (range, 37.5-50 Gy), delivered in a median of 4 fractions (range, 4-5) of a median of 10 Gy per fraction (range, 9.4-10 Gy). Within a minimum follow-up of 1.9 years (range 1.9-4 years), local control for all 13 treated metastases is 100% without any observed acute toxicities. One possible late toxicity (grade 2 rib fracture) developed 1.3 years following SBRT for treatment of a peripheral lesion (rhabdoid tumor) in an area of disease progression and was managed conservatively. Two patients are surviving 2.9 years (Wilms tumor) and 1.9 years (Ewing sarcoma) after SBRT, and one (rhabdoid tumor) expired 2 years after her final course (4 years after initial SBRT). Two patients (rhabdoid tumor and Ewing sarcoma) suffered disease progression outside of the treated lesions and one patient (Wilms tumor) is without evidence of disease and has not required whole lung irradiation or further systemic therapy. Conclusion: SBRT appears effective and well tolerated for pediatric lung metastases, however further studies are warranted.
Introduction
Radiotherapy in combination with chemotherapy is an effective modality for treatment of lung metastases in pediatric tumors. 1, 2 Stereotactic body radiotherapy (SBRT) delivers conformal and ablative treatment in 1-5 fractions, while sparing the volume of heart and lung irradiated. In adults local control >90% with SBRT for pulmonary metastases has been achieved in a prospective study. 3 This treatment relies on high doses per fraction, which have been sparingly adopted in pediatric patients (usually to bony sites) due to unknown long-term toxicity. [4] [5] [6] We presently http://doi.org/10.2147/OTT.S194812 report our institutional experience in 3 patients who received SBRT for lung metastases in pediatric tumors.
Patients and methods
The records of pediatric patients (age ≤21 years) treated with SBRT for lung metastases at our institution between 2012 and 2016 were reviewed. All patients and families were aware and gave written informed consent to publication as a case series. This case series fulfilled institutional criteria for publication without requiring institutional review board approval and necessary documentation was completed. Patients were treated with 4D-CT simulation for respiratory motion assessment, immobilization, selective use of abdominal compression, and image-guided radiation therapy for target verification of each fraction. Treatment planning utilized Eclipse (Varian Medical Systems) with 5-7 mm PTV expansions and was delivered with 6-MV photons on a Vero or Tomotherapy machine. The following critical structures were used for treatment planning: lungs, esophagus, ribs, heart, brachial plexus, spinal cord, proximal trachea and large bronchi. Selected treatment plans are shown in Figure 1 . Conformality index ranged from 0.99-1.27. Treatment planning was conducted utilizing established and departmental guidelines for lung SBRT in adult patients. Doses were specified so at least 95% of the PTV received 95-100% of prescribed dose (D95 range 95-100). For intensity modulated radiation therapy (Tomotherapy) doses were homogenous and for 3D conformal radiation therapy (Vero) dose was inhomogenous.
Results Patients
The patient population is described in Table 1 . Patient 1 is a 21-year-old male with Stage IV Wilms tumor who received lung SBRT (50 Gy/5 fractions) to a solitary LUL nodule. His initial treatment consisted of chemotherapy, surgery, and flank RT (10.8 Gy). He declined whole lung radiation, which was reserved in case of pulmonary relapse, and opted for close observation. Patient 2 is an11-year-old female diagnosed with metastatic pelvic Ewing sarcoma and subsequently treated with SBRT (40 Gy/5) for a LUL nodule that was recurrent after previous whole lung radiation (15 Gy), and not amenable to surgical resection due to multiple prior lung metastastectomies. Initial treatment consistent of chemotherapy and hemipelvectomy and SBRT was delivered 2 years following diagnosis. Patient 3 is a 9-year-old female with extrarenal, 
Outcomes
Local control was achieved for all lesions (follow-up 1.9-4 years from SBRT). Disease status following SBRT includes: alive without pulmonary relapse (Wilms tumor), alive with evidence of pulmonary relapse (Ewing sarcoma), and expired with evidence of pulmonary and liver relapse (rhabdoid). SBRT was well-tolerated in all patients with no acute toxicity. There was one case of grade 2 rib fracture ( Figure 1C ) that was managed conservatively. Rib volume receiving 32 Gy(V32) was 2.1 cm 3 with a point dose of 44.6 Gy (111% prescription).
Discussion
SBRT for treatment of pulmonary metastases is an effective treatment for adult patients with limited burden of metastatic disease. 7 Caution regarding the use of ablative doses of radiation in children, and therefore a paucity of reported data, have thus far limited its use. Whether the therapeutic ratio of SBRT will hold in the pediatric population is not established, and concerns for toxicity and late effects remain. Reports of SBRT for pediatric lung metastases are limited to 3 patients with Ewing sarcoma (age 14-19).
6,8,9 Herein we described SBRT to younger patients (ages 9 and 11), additional histologies, and feasibility to treat multiple lesions in a single course. Local control was achieved in all treated lesions at 2-4 years, including for Wilms tumor where isolated pulmonary disease was successfully salvaged with SBRT. Importantly, severe acute treatment related toxicity was not observed despite previous treatment including chemotherapy, whole lung radiation, or multiple (10) lesions treated. The SBRT doses for patients 2 and 3 (37.5-40 Gy in 3-5 fractions) are consistent with the Mayo regimen (median 40 Gy in 5) and regimens for bone metastases on open Children's Oncology Group Trials ARST1431 (NCT02567435) and AEWS1221 (NCT02306161) (35 and 40 Gy in 5). SBRT is not permitted for lung metastases on these studies. 6 For patient 1, a regimen comparable to the adult experience was chosen (50 Gy/5) due to his older age and favorable tumor location. Given his favorable histology (Wilms tumor), a lower dose such as 35-40 Gy in 5 fractions would likely also be effective.
There are obvious limitations to our report beginning with the potential impact of selection bias given the small cohort of patients. While local tumor control was achieved with SBRT, an optimal dose regimen is not known and likely differs from adult regimens. Moreover, our experience is too limited to define the risk of severe toxicity with lung SBRT in the pediatric population. The impact of SBRT on overall disease progress is also not clear, as new lung metastases were seen in 2 of 3 patients, albeit both had poor prognoses. The place of SBRT in relation to further systemic therapy and/or whole lung radiotherapy needs to be better defined.
We anticipate that if further retrospective reports and hopefully prospective data confirm favorable local control and toxicity, SBRT will be considered as an alternative to surgical resection in appropriately selected patients. In addition, it merits consideration when the disease is unresectable or resection would entail significant morbidity, such as in the setting of multiple prior surgeries or central tumor location.
Conclusion
Excellent local tumor control was observed without severe toxicity following SBRT for lung metastases in select pediatric malignancies. The role of SBRT remains unclear and further studies are warranted to define the role of SBRT for metastatic lung lesions in the pediatric population.
Summary
We report a case series of 3 patients with pediatric malignancies (ages 9, 11, and 21) treated with Stereotactic Body Radiation Therapy (SBRT) for lung metastases for rhabdoid tumor (1 site), Ewing sarcoma (1 site), and Wilms tumor (10 sites) histologies, respectively. SBRT was well-tolerated without acute/long-term toxicity except for one rib fracture (managed conservatively). Local control was 100% for all treated lesions at 2-4 years, however two patients developed new lung metastases (Ewing sarcoma, rhabdoid tumor).
